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Abstract In this work, we study the problem of relay beamforming for an underlay cognitive radio relay network
using amplify-and-forward (AF) relaying technique. We consider a cognitive radio network consisting of single pri-
mary and multiple secondary transmitters/receivers. In addition, there are several relay nodes that help both primary
and secondary networks. We propose a new beamforming method for relays’ transmission, in which the beamforming
weights at the relays are the solution of an optimization problem. The objective of the optimization problem is
maximizing the worst case signal to interference plus noise ratio (SINR) at the secondary receivers (SU-RX) and the
constraints are the interference power on the primary receiver (PU-RX) and the total transmitted power of the relay
nodes. We show that the beamforming problem can be reformulated as a second order cone programming (SOCP)
problem and solved by the bisection search method. Our simulation results show the performance improvement as a
function of the size and the power of the relay network.
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1. Introduction
By introducing the secondary users (SU), which coexist
in the same frequency band with some primary users (PU),
cognitive radio (CR) technology can improve spectral effi-
ciency [1]. Depending on how the frequency band of the PUs
are utilized by the SUs, three operating modes for CR net-
works (CRN) exists; overlay, underlay and interweave [1].
The promise of improving spectral efficiency comes with
several challenges. Among all, providing enough signal to
interference plus noise ratio (SINR) to SU-RX and limiting
the SU interference on the PU-RX have attracted major at-
tention [2–4]. Beamforming techniques, implemented on the
transmitter antennas, are among the most studied solutions
for the aforementioned challenges [5–7].
Due to the size and power limitations on SU-TX, beam-
forming can be done by a relay network [7]. Relay assisted
cognitive radio networks have been studied in the literature.
Authors in [8], considered a single-primary single-secondary
CR, and studied the beamforming problem with the objec-
tive of maximizing SU-RX SINR. They employed a genetic
algorithm to solve the optimization problem. Using SUs as
the relay nodes for PUs is proposed in [9]. They proposed a
distributed spectrum access algorithm, constrained with the
minimum sum rate of the network.
In this paper, we consider a scenario where M secondary
source-destination pairs use the same frequency band of a
primary transmitter-receiver pair, in an underlay mode. In
addition, there are some relay nodes that help both primary
and secondary networks. We propose a cooperative beam-
forming method which is performed by the relay network.
The objective of the beamforming is to maximize the worst
case SINR in the secondary receivers, while the interference
on the PUs stays less than a limit and the total power of the
relay network is fixed. Designing the beamforming weights
leads to an optimization problem, which we reformulate it as
a SOCP problem. Since the problem is convex, we employed
bi-section search method to find the optimal value [10]. Our
simulation results show that for a given transmitted power
of the relay network, the system performance is improved as
the number of relays increases. Moreover, the effect of the
number of the SUs and interference threshold on the PU-RX
is also studied in our simulations.
The rest of this paper is organized as follows. In Section
2 we introduce the system model and formulate the prob-
lem. We present the beamforming design through optimiza-
tion problem in Section 3. In Section 4 we present simulation
results. Concluding remarks are presented in Section 5.
Notations: superscripts (.)T , (.)∗ and (.)H denote trans-
pose, conjugate and conjugate transpose, respectively.
diag(A) is a diagonal matrix with the vector A being its di-
agonal entries. E(x) represents the expectation value of the
random variable x and ||.||2 denotes the second norm.
This article is an “Accepted Paper” for SmartCom 2019.
Copyright belongs to the author(s).
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Fig. 1 System model.
2. System Model and Problem Formula-
tion
As shown in Fig. 1, we consider a cognitive radio relay net-
work in which M secondary transmitters communicate with
N secondary receivers in the same frequency band with a
pair of primary transmitter-receiver. A relay networks, with
R nodes also co-exist with the CRN. A communication be-
tween the primary network and the secondary network takes
place in two phases. In the first phase, the transmitters in
CRN send communicate their signals to the relay nodes. The
recieved signal at the relay nodes can be written as,
y
(1)
r =
√
Ppgrpxp +
√
Psh¯
T
r x¯
(1)
s +nr, r = 1, 2, ..., R (1)
in which,
h¯r = [hr1, hr2, . . . , hrM ]
T
, x¯
(1)
s =
[
x
(1)
1 , x
(1)
2 , . . . , x
(1)
M
]T
,
where xi and hri, i = 1, 2, ...,M , indicate the transmitted
symbol from the ith SU-TX and the channel gain between
the ith SU-TX and the rth relay, respectively. xp and grp
indicate the PU-TX transmitted symbol and channel coeffi-
cient between the PU-TX and the rth relay. In this model,
the transmitted symbols are power normalized. Finally, nr
is zero mean Additive White Gaussian Noise (AWGN) with
variance σ2n. We assume that there is no direct link between
transmitters and receivers and, therefore, the receivers do not
receive any signal during the first time slot.
Using AF technique , the relay nodes multiply the received
signals by some beamforming weights and communicate them
to the receivers in the second phase. Accordingly, the trans-
mitted signal from the rth relay could be written as,
x
(2)
r = ωr
y
(1)
r√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
, r = 1, 2, ..., R
(2)
in which ωr is the beamforming weight in the rth relay. The
received signal at the jth SU-RX, in the second phase, is
y
(2)
j = hˆj
T
x
(2)
r + nj , j = 1, 2, ..., N (3)
in which,
hˆj = [hˆj1, hˆj2, ..., hˆjR]
T
x¯
(2)
r =
[
x
(2)
1 , x
(2)
2 , . . . , x
(2)
M
]T
,
where hˆjr indicates the channel coefficient between the rth
relay and the jth SU-RX and nj is zero mean AWGN with
variance σ2j . Substituting (1) and (2) in (3), we have
y
(2)
j =
R∑
r=1
ωrhˆjr
√
Ppgrpxp +
√
Psh¯
T
r x¯s + nr√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
+ nj ,
which could be decomposed into three parts
y
(2)
j(p)
=
R∑
r=1
ωrhˆjr
√
Ppgrpxp√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
=
√
Ppω¯
H
Hˆj g¯pxp,
y
(2)
j(s)
=
R∑
r=1
ωrhˆjr
√
Psh¯rx¯s√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
=
√
Psω¯
H
HˆjHM x¯s,
y
(2)
j(n)
=
R∑
r=1
ωrhˆjr
nr√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
+ nj
= ω¯HHˆjn¯+ nj ,
where
ω¯ = [ω1, ω2, . . . , ωR]
H
,
Hˆj = diag(hˆj1, hˆj2, . . . , hˆjR),
HM = [h
T
1 , h
T
2 , ..., h
T
R]
T
,
g¯p = [g˜1p, g˜2p, . . . , g˜Rp]
T
,
n¯ = [n˜1, n˜2 . . . , n˜R]
T
and
g˜rp =
grp√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
,
n˜r =
nr√
Pp|hrp|2 + Psh¯Hr h¯r + σ2n
for r = 1, 2, ..., R. The coefficients’ matrix of the channels be-
tween SU-TXs and relay nodes and the SU-TXs transmitted
vector could be decomposed as follows
HM = [ h1, ..., hi−1︸ ︷︷ ︸
HI1:M1columns
, hi, hi+1, ..., hM︸ ︷︷ ︸
HI2:M2columns
],
x¯ = [ x1, ..., xi−1︸ ︷︷ ︸
xI1:M1elements
, xi, xi+1, ..., xM︸ ︷︷ ︸
xI2:M2elements
]T ,
where M1 +M2 = M − 1. In (6a), hi, for i = 1, ...,M , in-
dicates the channel vector between the ith SU-TX and the
relay nodes. Considering perfect channel state information
(CSI) the signal power at the jth SU-RX could be written
as,
Sj = Psω¯
H
Hˆjhjh
H
j Hˆ
H
j ω¯.
Considering independent noise vectors on SU-RXs and relay
nodes, the noise power at the jth SU-RX is
Nj = ω¯
H
HˆjE
{
n¯n¯
H
}
H
H
j ω¯ + σ
2
n
= ω¯HHˆjΣnH
H
j ω¯ + σ
2
n.
Since the noise elements are considered to be independent on
each receiver, Σn is a diagonal matrix with elements of
Σj,jn =
σ2n
Pp|grp|2 + Psh¯Hr h¯r + σ2n
.
Interference signal at each SU-RX consists of two parts. The
former is the effect of PU-TX signal and the latter caused by
undesirable SU-TXs’ signal. They could be written as follows,
I
(s)
j(p)
= PP ω¯
H
Hˆj g¯
T
p g¯
∗
pHˆ
H
j ω¯,
I
(s)
j(s)
= Psω¯
H
HˆjHIE
{
xIx
H
I
}
H
H
I Hˆ
H
j ω¯
= Psω¯
H
HˆjHIH
H
I Hˆ
H
j ω¯,
where
HI = [HI1,HI2] , xI = [xI1, xI2] .
Accordingly, the SINR at the jth SU-RX is written as
SINRj =
Psω¯
HQSj ω¯
ω¯H
(
QIPjn +QISjn +QNj
)
ω¯ + cj
where
QSj = Hˆjh¯j h¯
H
j Hˆ
H
j ,
QIPj = PP Hˆj g¯
T
p g¯
∗
pHˆ
H
j ,
QISj = PsHˆjHIH
H
I Hˆ
H
j ,
QNj = HˆjΣnHˆ
H
j ,
cj = σ
2
n.
The interference power at PU-RX could be written as,
I
(s)
(p) = E
∣∣∣∣∣∣
R∑
r=1
gˆprωr
√
Psh¯rx¯s + nr√
Pp|grp|2 + Psh¯Hr h¯r + σ2n
∣∣∣∣∣∣
2
.
Hence
I
(s)
(p) = ω¯
H
Hˆp(PsHMH
H
M + Σn)Hˆ
H
p ω¯,
where
Hˆp = diag(g˜p1, g˜p2, . . . , g˜pR),
and
g˜pr =
gˆpr√
Pp|grp|2 + Psh¯Hr h¯r + σ2n,
, r = 1, ..., R.
3. Beamforming Design
According to the derived expressions for SINR at SU-RX
and interference at PU-RX, the optimization problem with
the objective of maximizing the minimum SINR at the SU-
RXs with the constraints of interference on PU-RX and the
relay network transmitted power could be written as follows,
max
ω¯
min {SINR1, SINR2, ..., SINRN}
s.t
I
(s)
(p) < Ip,
R∑
r=1
|ωr|2 < Pt,
where Ip and Pt are the interference limit on the PU-RX
and the relay networks budget for transmitted power , re-
spectively. Now, by introducing the new parameter ρ, which
plays the role of minimum received SINR at the SU-RXs, the
optimization problem could be written as
max
ω¯
ρ
s.t
Psω¯
HQSj ω¯
ω¯H
(
QIPj +QISj +QNj
)
ω¯ + cj
≧ ρ2, j = 1, ..., N.
I
(s)
(p)
< Ip
R∑
r=1
|ωr|2 < Pt.
Then it could be reformulated as SOCP problem
max
ω¯
ρ
s.t
ω¯
H
1 QS1j ≧
ρ√
Ps
‖ ω¯H1 Q
1
2
I ‖2√
Ip ≧‖ ω¯H1 HˆHq1Q1/2r ‖2
tr(ω¯Hω¯)
(4)
where
ω¯1 =
[
1, ω¯T
]T
,
QS1j = [0, {(QSj )
1
2 }T ]T ,
QI =
[
cj 0
1×R
0R×1 QIPj +QISj +QNj
]
,
Hˆq1 =
[
0 01×R
0R×1 Hˆq
]
,
Qr =
[
1 01×R
0R×1 Qs + Σn
]
,
and
Qs = PsHMH
H
M .
For any fixed value of ρ the SOCP problem could be written
as
find ω¯
s.t
ω¯
H
QS1j ≧
ρ√
Ps
‖ ω¯H1 Q˜
1
2
I ‖2
√
IP ≧‖ ω¯H1 HˆHq1Q
1
2
r ‖2
tr(ω¯H ω¯H) ≦ Pt.
This problem is a SOCP feasibility problem and its feasibility
depends on the optimal solution of (4). Therefore, consid-
ering ρ0 is the optimal solution of (4), the SOCP feasibility
problem has a solution only if ρ < ρ0. In order to find this op-
timal solution a bi-section search method could be used [10].
4. Simulation Results
In our simulations, the transmitted power of both PU-TX
and the SU-TX are assumed to be 5 dB. In Fig. 2, assuming
R = 10 and M = N = 3, the worst case SINR variations
versus total relay transmitted power is showed for 3 differ-
ent values of interference limit on PU-RX. As it is shown,
the received SINR at the SU-RX improves as the total relay
transmitted power increases. On the other hand, by increas-
ing the interference limit on PU-RX from −5 dB to 0 dB,
performance improvement of the system is slightly less than
the improvement when it increases form −10 dB to −5 dB.
However, by increasing the number of secondary pairs, inter-
ference power on each SU-RX is also increased. Thus, the
worst case SINR decreases if the number of secondary pairs
increase, as it is also shown in Fig. 3, when R = 10 and
Ip = 10 dB. Finally, when M = N = 3 and Ip = 0 dB,
Fig. 4 illustrates that the system performance improves by
the number of relay nodes. However, this improvement is di-
minishes as the number of relays increases. The diminishing
return of the relay nodes is also in line with intuition, since as
they increase the interference power on SU-RXs also increase,
which is a reduces the performance improvement.
5. Conclusion
A beamforming problem in a cognitive radio relay network
was studied. The beamforming coefficients were drawn from
the solution of a convex optimization problem, with maxi-
mizing the worst case SINR among SU-RXx as objective and
total relay network transmit power and limited interference
at PU-RX as constraints. The optimization problem was re-
formulated as a SOCP problem and was solved by a bi-section
search method. The result of our simulation shows the be-
havior of performance improvement as a function of the size
and the power of the relay network.
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Fig. 2 The SU-RXs worst case SINR versus total relays
transmitted power, for different values of interference
limit on PU-RX.
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Fig. 3 The SU-RXs worst case SINR versus total relays
transmitted power, for different number of secondary
pairs.
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Fig. 4 The SU-RXs worst case SINR versus total relays
transmitted power, for different number of relays.
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